Béguin, P. C., M. Joyeux-Faure, D. Godin-Ribuot, P. Lévy, and C. Ribuot. Acute intermittent hypoxia improves rat myocardium tolerance to ischemia. J Appl Physiol 99: 1064 -1069, 2005. First published May 5, 2005; doi:10.1152/japplphysiol.00056.2005In this study, we investigated the influence of depth and duration of intermittent hypoxia (IH) on the infarct size development in isolated rat heart. The role of nitric oxide synthase (NOS) and ATP-sensitive K ϩ (KATP) channel was also studied. Wistar male rats were exposed to IH [repetitive cycles of 1 min, 40 s with inspired oxygen fraction (FIO 2 ), 5 or 10%, followed by 20-s normoxia], during 30 min or 4 h. Another group was exposed to 4 h of continuous hypoxia with 10% FIO 2 . Twenty-four hours later, their hearts were isolated and subjected to a 30-min no-flow global ischemia-120-min reperfusion sequence. For some hearts, N -nitro-L-arginine methyl ester (L-NAME) (a nonselective inhibitor of NOS) or 5-hydroxydecanoic acid (5-HD) (a selective mitochondrial KATP blocker) was infused before ischemia. Infarct size (in percentage of ventricles) was significantly reduced by prior IH for 4 h (10% FIO 2 ) (21.8 Ϯ 3.1 vs. 33.5 Ϯ 2.5% in sham group). This effect was abolished by L-NAME or 5-HD. Infarct size was not different in groups subjected to either 30 min of IH or to continuous hypoxia compared with sham group. In contrast, IH for 4 h (5% FIO 2 ) significantly increased infarct size (45.1 Ϯ 3.6 vs. 33.5 Ϯ 2.5% in sham group). Acute IH for 4 h with a minimal FIO 2 of 10% induced a delayed preconditioning against myocardial infarction in the rat, which was abolished by NOS inhibition and mitochondrial KATP channel blockade. Depth, duration, and intermittence of hypoxia appeared to be critical for cardioprotection to occur. ischemia-reperfusion; infarction; KATP channel; nitric oxide CONTINUOUS HYPOXIA (CH) IS known to be an early preconditioning (PC) stimulus. Thus, in neonatal mouse cardiomyocytes, prior hypoxia (0% O 2 for 30 min and 1 h reoxygenation) improves cellular viability following lethal ischemia (15). Moreover, isolated rat hearts submitted to an anoxia (10 min)-reoxygenation (10 min) sequence show a preserved mechanical function and a reduced myocardial necrosis following ischemia-reperfusion (9, 10, 16). CH (10% O 2 for 4 h) is also able to induce delayed cardioprotection. Indeed, isolated hearts from mice submitted to this stimulus are more resistant to infarction, 24 h later (26). Moreover, in a rat model of permanent occlusion, it decreases infarct size as a result of myocardial angiogenesis (22). In contrast, little is known about the effects of intermittent hypoxia (IH) on heart's sensitivity to infarction. A recent study in mice has shown that only 1 h of IH (5 cycles of 6% O 2 for 6 min followed by 21% O 2 for 6 min) is able to prevent myocardial dysfunction and infarct injury produced 24 h later by an ischemia-reperfusion sequence (8). This study suggests that IH is more efficient than CH as a PC trigger.
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Nitric oxide (NO) is today well known as a mediator of various forms of delayed PC (6) . NO formation mediates the delayed ischemic PC against both myocardial stunning (7) and infarction in the rabbit (12, 24) . Indeed, administration of NO synthase (NOS) inhibitor 24 h after ischemic PC abolishes the delayed cardioprotection. The mechanism of hypoxic PC could be similar to the ischemic one and also implicate NO. Indeed, the cardioprotective effects of hypoxic and ischemic PC were described to be not additive, suggesting that they may share the same signaling pathway (18) .
Many studies have shown that high-altitude hypoxia, another model of IH, might have cardioprotective effects against ischemic injury similar to those observed in ischemic PC. Indeed, this sort of IH protects myocardium by increasing coronary circulation and angiogenesis (29) and reduces incidence of arrythmias (2) . Among mechanisms underlying this phenomenon, ATP-sensitive K ϩ (K ATP ) channels play a critical role (2, 19) . Those channels seem also to mediate the cardioprotective effect induced by CH in rabbit (3, 4) . K ATP channels could also play a role in the acute IH-induced cardioprotection.
The aim of the present study was to examine the influence of 1) two depths of IH, 2) two durations of IH, and 3) the role of repeated reoxygenation on infarction susceptibility assessed in isolated rat hearts, 24 h after the hypoxic stress. We also investigated the role of NOS and K ATP channel in the mechanism underlying IH-induced cardioprotection. Thus, 24 h after IH, we tested the effect of the nonselective NOS inhibitor N -nitro-L-arginine methyl ester (L-NAME) and the mitochondrial K ATP channel blocker 5-hydroxydecanoic acid (5-HD) on infarct size development in the isolated rat heart.
METHODS
This investigation conforms with French law and local ethical committee guidelines for animal research. The protocol received approval from the Direction des Services Vétérinaires de l'Isère, France. Experiments were conducted on adult male Wistar rats (weight range 330 -380 g) from Elevage Janvier (Le Genest-SaintIsle, France) housed in controlled conditions and provided with standard rat chow.
IH protocol. During IH, the animals were housed in custom-made identical cylindrical Plexiglas chambers (length 28 cm, diameter 10 cm, volume 2.2 liters) with tightly fitted lids. A timed solenoid valve was used to distribute pure nitrogen to each chamber at a flow that was adjusted to reduce the ambient inspired oxygen fraction (FI O 2 ) to 5 or 10% for 40 s. This was followed by infusion of compressed air, allowing a gradual return (over 20 s) of ambient air to a FI O 2 of 21%. The 5% depth was chosen to correspond with the O2 desaturation observed in patients with obstructive sleep apnea syndrome. The 10% depth was chosen arbitrarily to investigate a less severe stress. This 1-min cycle was repeated for 30 min or 4 h. In parallel to nitrogen distribution, compressed air at the same flow rate was distributed to sham chambers to submit sham animals to similar noise and airflow disturbances. A dampening device at the chamber intake was used to dissipate the airstream, avoiding direct gas jets.
The level of FI O 2 in the chambers was controlled throughout the hypoxia protocol by using a Beckman OM11 O2 analyzer (Fullerton, CA). Figure 1 provides an illustration of the FIO 2 profile produced by our IH protocol.
Experimental groups. Ten groups were subjected to a protocol summarized in Fig. 2 . Twenty-four hours before the ischemia-reperfusion sequence, the rats were placed in the Plexiglas chambers and exposed to the following stimuli.
The following three groups were exposed to 4 h of normoxia or IH: 1) S 4h group (sham rats; n ϭ 10), normoxic cycles (21% FI O 2 ); 2) IH5 4h group (n ϭ 8), IH cycles with a minimal FIO 2 of 5% during hypoxia; 3) IH10 4h group (n ϭ 11), IH cycles with a minimal FIO 2 of 10% during hypoxia.
The following four groups infused with different pharmacological antagonists were previously submitted to 4 h of normoxia or IH. Two groups were infused with the NOS inhibitor L-NAME [3 M (28) ] during 10 min before no-flow global ischemia: 1) S ϩ L-NAME group (n ϭ 7), normoxic cycles (21% FI O 2 ); 2) IH10 ϩ L-NAME group (n ϭ 7), IH with a minimal FIO 2 of 10% during hypoxia. Two groups were infused with the mitochondrial KATP channel blocker 5-HD [100 M, (11)] during 10 min before no-flow global ischemia: 3) S ϩ 5-HD group (n ϭ 6); 4) IH10 ϩ 5-HD group (n ϭ 6).
The two following groups were exposed to a 30-min IH: 1) S 30min group (n ϭ 6), normoxic cycles during 30 min (21% FI O 2 ); 2) IH10 30min group (n ϭ 7), IH cycles during 30 min with a minimal FI O 2 of 10% during hypoxia.
One last group was exposed to CH during 4 h with a 10% FI O 2 (CH group, n ϭ 7).
Ischemia-reperfusion protocol. Twenty-four hours after IH, the rats were anesthetized with 60 mg/kg ip pentobarbital sodium and treated with heparin (500 IU/kg iv). Hearts were rapidly excised and immersed in 4°C Krebs-Henseleit buffer solution (in mM: 118.0 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 KH2PO4, 1.2 MgSO4, 25.2 NaHCO3, and 11.0 glucose). The aortic stump was cannulated, and the heart was perfused retrogradely using the Langendorff technique at a constant pressure (75 mmHg) with oxygenated Krebs-Henseleit buffer, as previously described (14) . A water-filled latex balloon (Hugo Sachs, no. 4), coupled to a pressure transducer, was inserted into the left ventricular cavity via the left atrium for pressure recording. Left ventricular end-diastolic pressure was adjusted between 5 and 10 mmHg. Myocardial temperature was measured by a thermoprobe inserted into the left ventricle and was maintained constant close to 37°C. After 20 min of stabilization, no-flow global ischemia was induced by stopping the perfusion for 30 min. Thereafter, the heart was reperfused for 120 min. Coronary flow (CF) was measured periodically throughout the ischemia-reperfusion procedure, by collecting the effluent; it was then expressed in milliliters per minute per gram. Heart rate (HR), left ventricular developed pressure (LVDP ϭ difference between left ventricular systolic pressure and left ventricular end-diastolic pressure), and maximal rate of left ventricular pressure rise (dP/dtmax) and fall (dP/dtmin) were continuously recorded (PC Lab 4S, AD Instruments). At the end of the ischemia-reperfusion protocol, the atria were removed, and the heart was frozen at Ϫ20°C for 10 min. It was then cut into 2-mm transverse sections from apex to base (6 -7 slices/ heart). Once thawed, the slices were incubated at 37°C with 1% triphenyltetrazolium chloride in phosphate buffer (pH 7.4) for 10 min, fixed in 10% formaldehyde solution, and photographed. Incubation avoids a possible overestimation of infarct size due to no-reflow phenomenon. Area of infarcted tissue was measured by using a computerized planimetric technique (Image Tool for Windows) and expressed as a percentage of both right and left ventricular area. According to this method, the necrosis area corresponds to the zone not stained by the triphenyltetrazolium chloride.
Exclusion criteria. Only hearts with CF Յ 20 ml/min and LVDP Ͼ 70 mmHg at the end of the stabilization period were included in this study.
Moreover, because of a recording problem for one rat in the S 4h group, the hemodynamic data represent a mean of 9 points, and the infarct size data a mean of 10 points.
Materials. All reagents were from Sigma-Aldrich (Saint Quentin Fallavier, France).
Statistical analysis. Hemodynamic and infarct size data are presented as means Ϯ SE. Infarct size values were compared by using one-way ANOVA. Hemodynamic data were analyzed by using a two-way repeated-measures ANOVA. Post hoc multiple comparisons were performed by using Tukey tests. Statistical significance was set at P Ͻ 0.05. Fig. 1 . Representative trace of the atmospheric changes that occurred during exposure to intermittent hypoxia (IH). Inspired oxygen fraction (FIO 2 ) was determined by continuous sampling from the chamber using an O2 analyzer. IH was achieved by flushing nitrogen into the chamber until the O2 concentration reached 10%. Hypoxia was maintained for 40 s, after which oxygen was flushed into the chamber to reestablish normoxia. Fig. 2 . Experimental protocol. Rats were submitted to either normoxia, IH during 30 min or 4 h, or continuous hypoxia (CH). Subsequently, all animals were allowed to recover for 24 h. Then, after a 20-min stabilization period, a 30-min no-flow global ischemia followed by a 120-min reperfusion was performed in vitro. Some hearts were infused with either N -nitro-L-arginine methyl ester (L-NAME; 3 M), a nonselective inhibitor of nitric oxide synthase (NOS), or 5-hydroxydecanoic acid (5-HD; 100 M), a selective mitochondria ATP-sensitive K ϩ (KATP) blocker for 10 min before ischemia.
RESULTS

Effects of the duration of IH.
Hemodynamic data summarized in Table 1 showed no statistically significant difference in CF, HR, LVDP, rate-pressure product (RPP), and dP/dt max during stabilization and ischemia-reperfusion periods, whatever the group observed. Likely, as observed in Fig. 3 , the infarct size was similar in groups exposed to a 30-min IH (35.3 Ϯ 6.7%) or normoxia (36.5 Ϯ 4.0%). However, following 4 h of IH, the infarct size was significantly lower in hearts from rats exposed to 10% FI O 2 (21.8 Ϯ 3.1%) compared with those from their respective normoxic controls (33.5 Ϯ 2.5%).
Effects of the depth of IH. As shown in Table 2 and Fig. 4 , there was no statistically significant difference in all of the studied hemodynamic parameters 24 h after 4 h of normoxia or IH (10% O 2 ) or CH (10% O 2 ). In contrast, IH with a minimal FI O 2 of 5% induced a decrease in LVDP (Fig. 4A) and RPP (Fig. 4B ) and an increase in the infarct size (Fig. 5 ) (45.1 Ϯ 3.6%) compared with the normoxic group (33.5 Ϯ 2.5%). Four hours of CH at 10% FI O 2 did not modify infarct size (33.4 Ϯ 7.0% in CH group) compared with normoxic exposure (Fig. 5) .
Effects of pharmacological antagonists' infusion. Infusion of L-NAME had no effect on hemodynamic parameters (CF, HR, LVDP, RPP, dP/dt max , and dP/dt min ), as summarized in Table 3 , nor on infarct size, as illustrated in Fig. 6 . However, 5-HD infusion decreased LVDP and dP/dt max (Table 3) in the IH10 ϩ 5-HD group compared with the IH10 4h group at 15 min of reperfusion without altering infarct size (Fig. 6) . Ben- 
Values are means Ϯ SE, expressed as percentage of values at 20 min of stabilization; n, no. of rats. CF, coronary flow; HR, heart rate; LVDP, left ventricular developed pressure; RPP, rate-pressure product; dP/dtmax and dP/dtmin: maximal rate of left ventricular rise and fall, respectively, expressed as percentage of stabilization values; R15, R60, and R120: reperfusion at 15, 60, and 120 min, respectively. See METHODS for explanation of groups.
induced protection against myocardial infarction, induced by total and global ischemia and reperfusion in isolated perfused heart, 24 h later. We have also demonstrated that exposure to CH during the same duration and depth had no effect. This second observation is in contrast with previous studies in rats (22) and mice (26) , reporting that continuous exposure to 10% O 2 for 4 h resulted in delayed cardioprotection. This discrepancy could be explained in the first case by the ischemic model used (permanent left anterior descending coronary artery occlusion) to produce myocardial infarction and, in the second case, by species specificity in infarction susceptibility. Our study showed that intermittence of hypoxia, and hence reoxygenation, was essential to protect rat myocardium against infarction. One potential mechanism underlying this delayed cardioprotection could be the formation of reactive oxygen species (ROS), during the hypoxia-reoxygenation alternation. Indeed, ROS generated during alternation of hypoxia and reoxygenation appear to play a key role in the effects of IH on carotid body function and gene expression (21) . Moreover, ROS are possibly involved in the mediation of cardioprotection conferred by many other forms of delayed PC, such as ischemic PC (23, 27) or heat stress (1) .
Role of the duration of IH. We also showed that the delayed cardioprotection induced by IH is time dependent. After 4-h exposure, we reported a significant infarct size reduction, whereas a shorter 30-min exposure was ineffective. We can hypothesize that, with a short duration of hypoxia, biochemical triggers were not produced in sufficient amount to initiate PC and to allow myocardial protection. This is also seen with ischemic PC in which a minimum duration (25) and number of events (17) are required for cardioprotection to occur.
Role of the depth of IH. Interestingly, we observed that a 4-h IH with a minimal FI O 2 of 5% was able to render the heart more sensitive to ischemic injury, thus increasing infarct size, 24 h later. As a result, LVDP and RPP were significantly lower in the IH5 4h group than in the other groups. Thus, according to the depth of the hypoxic phase, either limitation or aggravation of infarction can be reached. This is, to our knowledge, the first demonstration of a heart's increased sensitivity to infarction 24 h after an acute IH exposure. We have recently described that chronic exposure (8 h during daytime, for 35 days) to the same intermittent hypoxic stimulus (5% FI O 2 ) resulted in increased sensitivity to myocardial infarction (13) . The novel, important contribution of the present paper is the rapid onset of this event. Because patients with obstructive sleep apnea syndrome have higher rates of coronary heart disease (20), we could hypothesize that they are also more vulnerable than others to infarction and that this vulnerability is rapidly present in the natural history of the pathology.
Role of NO in the IH-induced cardioprotection. L-NAME, a NOS inhibitor, completely abrogated the IH-induced reduction in infarct size. The fact that NO could be a mediator of the IH response is in accordance with previous studies showing that protection conferred by other PC are also mediated by NO (for review, see Ref. 5) . For example, heat stress-induced reduction in infarct size was abolished by L-NAME infusion before and during ischemia, in the isolated rat heart (14) .
Role of mitochondrial K ATP channel in the IH-induced cardioprotection. It has been shown that K ATP channels are involved in mediating IH-induced cardioprotection in the rat using the sarcolemmal K ATP channel blocker glibenclamide (30) . This study used a high-altitude IH model. Another study demonstrated that both mitochondrial K ATP and sarcolemmal K ATP channels contribute to the cardioprotection in a chronic hypoxia model (3). Here, we showed an involvement of mitochondrial-type K ATP in the cardioprotective effect conferred by Table 3 . Hemodynamic parameters after L-NAME or 5-HD infusion in groups exposed to 4 h of normoxia or hypoxia (10% inspired oxygen fraction) acute IH, as this effect was abolished by the selective mitochondrial K ATP channel blocker 5-HD.
Limitation of our study. The major end point of our study being infarct size, we used the more reliable model, i.e., the retrograde perfusion one. Therefore, the infarct size limitation that we observed with 10% IH is only accompanied by a tendency to improve LVDP. In contrast, the increase in infarct size observed with 5% IH is accompanied by a significant decrease in LVDP.
The fact that infarct size was significantly modified without ventricular function variation is not surprising, as ventricular stunning should be similar even with different infarct sizes. This apparent discrepancy was previously observed (13) .
In summary, this study showed that acute IH for 4 h with 10% O 2 induced a delayed PC against myocardial infarction in the rat. We have demonstrated the influence of the IH reoxygenation, the duration and the depth of IH exposure on the degree of cardioprotection. We showed here the implication of NOS and mitochondrial K ATP channels in the cardioprotection afforded by acute IH.
GRANTS
This study was supported, in part, by a grant from the Conseil Scientifique of Association Grenobloise des Insuffisauts Respiratoire à dom (France).
